Intense, phase-locked light pulses in the terahertz (THz) spectral range have opened up an exciting arena for field-sensitive nonlinear optics . For a given peak electric field ℰ, the low carrier frequency THz gives rise to a potentially large ponderomotive energy Up = e 2 ℰ 2 /4mTHz 2 , which quantifies the cycle-averaged quiver energy of a free electron of mass m. This situation promises a new quality of nonperturbative light-matter interaction at the boundary of THz optics and high-speed electronics.
For frequencies between 0.5 and 3 THz, optical rectification [7] [8] [9] [10] has enabled transients with peak field amplitudes in excess of 1 MV/cm [10] . Using such an electromagnetic pulse as an alternating bias, THz-driven carrier-multiplication in doped semiconductors [12] and graphene [14] has been demonstrated. Strong THz fields have also been used to drive spectacular nonlinear intraband dynamics of quasiparticles, such as field ionization of impurity states [13] or excitons, electron-hole recollisions and high-order sideband generation [11] . In these experiments, the THz bias facilitates tunneling of bound electrons through potential energy barriers, which correspond to binding energies between a few meV and several 10 meV [ Fig. 1(a) ] [11, 13, 23] .
A new limit of non-perturbative nonlinearities is expected if THz amplitudes approach atomically strong fields. As depicted in Fig Using a band model [24] , we estimate that under such conditions more than 10 20 valence electrons per cm 3 may undergo Zener tunneling through the fundamental bandgap into the conduction band, within a time window of only 100 fs, possibly inducing even degenerate carrier populations in intrinsic bulk semiconductors [25] .
Phase-locked light pulses featuring amplitudes in the 100 MV/cm range have become available at carrier frequencies of multiple 10 THz [3] . This breakthrough has enabled ultrafast biasing of bulk solids in an unprecedented high-field limit, where a coherent interplay between non-resonant interband polarization and intraband Bloch oscillations generates THz high-harmonic radiation [6] . The diffraction limit of focusing, however, has precluded comparably high fields at frequencies as low as 1 THz where yet larger ponderomotive potentials Up combined with photon energies orders of magnitude below electronic interband resonances could pave the way to quasi-static biasing. Custom-tailored metamaterials are a promising concept for overcoming the diffraction limit. Indeed, field enhancement in metamaterials has been exploited to induce a metal-insulator phase transition in VO2 by a THz transient with a carrier frequency below 1 THz [26] , and to evoke strong THz nonlinearities through THz-driven intervalley scattering and impact ionization [22] .
Here, we combine metamaterials with MV/cm-scale few-cycle sub-1-THz transients to explore an extreme regime of non-perturbative nonlinearities in the well-defined laboratory of the bulk semiconductor GaAs. Atomically strong fields exceeding 10 MV/cm and ponderomotive potentials in the keV range lead to strong carrier generation across the band gap which exceeds the central THz photon energy by a factor of 390. Ultrabroadband near-infrared and visible interband luminescence emerges, and a strong THz nonlinearity results on the single-cycle time scale.
Near-infrared light pulses centered at a wavelength of 800 nm (pulse energy: 3.5 mJ, pulse duration:
35 fs) are derived from a Ti:sapphire laser amplifier. We employ tilted-pulse front optical rectification In the capacitive gap region of the structure, the electric field is strongly enhanced, whereas the magnetic field enhancement is negligible (not shown) and thus not further considered.
Near the capacitive stripes of our metamaterials, time-domain simulations predict an enhancement factor between the near-(ℰn) and the far-field (ℰ0) of up to 35 for our THz pulse shape [25] . For the highest THz far fields attained in our experiment this enhancement would correspond to ℰn > 50 MV/cm if no nonlinearities occurred. To date, there is no calibrated procedure to characterize such enormously large fields. Established near-field measurements relying on electro-optic sampling [27, 28] , tunneling currents [29] or Franz-Keldysh oscillations [30] are not characterized for atomically strong fields in which even the concept of a rigid electronic bandstructure is pushed to the limits of its validity. Possible characterization methods may, however, arise from the following observations.
We illuminate our structure with intense THz pulses and map the metamaterial plane onto a silicon CCD camera or a grating spectrometer using a microscope objective. The strong near-field enhancement in The microscopic origin of the strong light emission is apparent from its spectral shape. Figure 3 (a) shows typical EL intensity spectra obtained for a series of THz amplitudes. For ℰ0 = 120 and 380 kV/cm, the luminescence extends from the direct band gap of GaAs at Eg = 1.42 eV up to 1.7 eV, attesting to the presence of a dense and hot electron-hole plasma in the substrate [31] . At amplitudes above 800 kV/cm, luminescence at yet higher photon energies of up to ħω = 1.9 eV is observed. Additionally, a shoulder develops in the spectra at 1.65 eV (black arrow). For an energy 50 meV above the band gap, IL scales as |ℰ0| 1.1 . Still at high excess energies of 300 meV a low-order power law of IL ~ |ℰ0| 1.5 is found
[ Fig. 3(b) ], characteristic of non-perturbative carrier generation [6] .
For an estimate of the density of field-induced electron-hole pairs, we model the interband luminescence as a three-step process: (i) carrier generation within the duration of the THz transient, (ii) thermalization and cooling of the electron-hole plasma, and (iii) interband recombination. In high-purity, direct-gap semiconductors, the recombination time greatly exceeds the duration of carrier generation and thermalization. Therefore, we describe the electron-hole plasma by a hot carrier distribution and estimate an average carrier temperature T and density n by fitting the spectra using a convolution of a FermiDirac distribution with the joint density of states in the effective mass approximation (Kubo-MartinSchwinger relation). This procedure works reasonably well up to ℰ0 = 380 kV/cm, where we obtain T ≈ 1200 K and a sizable carrier concentration of n = 5 x 10 18 cm -3 . However, it cannot reproduce spectra featuring a prominent shoulder at 1.65 eV, as observed for higher field amplitudes. For large carrier excess energies, the effective mass approximation and the assumption of momentumindependent dipole moments falter and scattering into the L-valleys of GaAs sets in. Therefore, at ℰ0 = 1.5 MV/cm, we restrict ourselves to fitting the EL spectrum in the energy range below 1.65 eV
[black dotted curve in Fig. 3 In order to understand the microscopic mechanism of THz-driven carrier generation in our structure, we refine our estimate of the near-field THz amplitude including near-field screening by the electron-hole plasma with n = 1.5 x 10 19 cm -3 . To this end, we attribute a Drude conductivity to those sub-volumes of the substrate which exhibit the highest near-field enhancement [25] . Although these simulations do show a reduction of the near-field amplitude, they still predict a maximum ℰn > 20 MV/cm [25] . The calculation underestimates the actual field since it assumes a time-independent carrier density that is already present at the leading edge of the THz pulse and neglects the dynamical buildup of screening [32] . We base our following considerations on a very conservatively chosen near-field amplitude of ℰn = 12 MV/cm for the intuitive picture sketched in Fig. 1(b) , noting however that the actual fields are even larger.
In contrast to previous studies exploring field-driven EL in doped semiconductors [13, 23] , our substrates are undoped. The initial pair generation, therefore, has to start from THz-induced interband transitions.
Whether multi-photon ionization or interband tunneling prevails can be determined via the Keldysh parameter = THz√ 2 g /eℰ [33] . While the quantum nature of light dominates for γK >> 1, tunneling injection becomes efficient for γK ≲ 1. Strong THz-driven interband transitions in the regime of γK ≈ 0.13 were recently demonstrated utilizing multi-MV/cm fields at 30 THz, and confirmed through a microscopic theory of interband polarization and intraband currents [6] . The electric peak field ℰn. in our present experiment approaches similar values as in Ref. 6 , while ħωTHz = Eg/390 is substantially smaller. Therefore we arrive at a record-low γK ≈ 2 x 10 -2 , fostering quasi-static Zener tunneling from the valence-to the conduction band as an efficient first step of carrier generation. According to the rough estimate given above [ Fig. 1(b) ], Zener tunneling alone may already account for the carrier densities observed in the experiment [34] . Yet, we point out that our estimate is based on a bandstructure model [24] which is pushed to its limits in atomically strong fields.
In the absence of scattering, the THz bias would drive the wavevectors k of Zener-injected carriers through the full Brillouin zone according to Bloch's acceleration theorem, ultimately giving rise to coherent Bloch oscillations [6] . We do not expect this scenario for the current situation since the wide conduction band of GaAs allows for efficient impact ionization once the carrier excess energy exceeds the threshold energy Eth = Eg(2me+mhh)/(me+mhh) = 1.6 eV, where me and mhh are the electron and heavy hole masses [13, 24] . For ℰn ≈ 12 MV/cm, electrons require less than 10 fs to gain sufficient energy for a single impact ionization event. One half-cycle of the THz transient should thus drive a cascade of at least 10 ionization steps, multiplying the carrier density by 2 10 ≈ 10 3 per oscillation half cycle. The same multiplication factor can also be estimated considering that the ponderomotive energy
ℰn 2 /4mω0
2 ≈ 2 keV ≈ 10 3 × Eth, i.e., sufficient to generate 10 3 electron-hole pairs. Note that this multiplication effect can only fully apply as long as Pauli blocking does not limit this process. In fact, such saturation effects due to degenerate carrier populations should play an important role in our experiment and may account for the scaling of IL with a low power of ℰ0 [ Fig. 3(b) ]. The regime explored here is in qualitative contrast to previous experiments where field-ionization of shallow impurities by the far-field of strong THz pulses has been used to observe luminescence with a field-independent narrow bandwidth (≈ 5 meV), IL ~ ℰ0 8 and carrier densities between 10 13 cm -3 and 10 16 cm -3 [13] .
Besides the local field enhancement, metamaterials offer a second functionality: They couple the THz response of the microscopic volume hosting the dense electron-hole plasma back into the far field [22, 26] . Figure 4 demonstrates that the extremely sub-wavelength interaction regions of the sample induce a complete suppression of the metamaterial resonance, causing a self-amplitude modulation of the THz pulses. The transmitted waveform for ℰ0 = 150 kV/cm [ Fig. 4a ] exhibits trailing oscillations characteristic of the resonant metamaterial response for delay times t > 2 ps. These features vanish completely if the THz peak amplitude is increased to ℰ0 = 1.5 MV/cm [ Fig. 4b ]. In the frequency domain this switch-off of the resonance manifests itself in a change of the relative field transmission from 50% (ℰ0 = 150 kV/cm) to nearly unity (ℰ0 = 1.5 MV/cm), at a frequency of 0.88 THz [Fig. 4(c) ].
Simultaneously, the metamaterial resonance shifts from 0.88 THz to 0.75 THz.
The transients also illustrate the time frame on which the strong THz nonlinearity establishes itself. progressively increasing rate in each half-cycle of the THz pulse. We therefore expect that a significant reduction of the near-field amplitude by the dense electron-hole plasma occurs only for the later halfcycles where the majority of carriers are generated.
Using FDFD simulations we model the far-field THz response caused by carrier injection, assuming conductive slabs in the substrate below the capacitive gap region [25] . Calculated spectra are shown in 
